Abstract In agricultural landscapes, the lack of floral nectar can be a major difficulty for nectar feeding parasitoids. This problem can be reduced by the addition of suitable wildflowers. To date, flowers have mainly been studied in terms of effects on parasitoid fitness, not taking into account the essential role of flower attractiveness for foraging parasitoids. This study experimentally tested the olfactory attractiveness of five wildflowers (bishop's weed, cornflower, buckwheat, candytuft, and oregano) to the parasitoid Microplitis mediator (Haliday) (Hymenoptera: Braconidae). We conducted choice experiments in a Y-tube olfactometer to test the attractiveness of flowers against air, and relative attractiveness in paired choice tests. Our results showed that all the flowers were highly attractive and that in paired choice tests cornflower and candytuft were equally attractive and more attractive than buckwheat. These results indicate that M. mediator has evolved innate preferences that could be effectively exploited in biological control.
modifying the habitat to enhance the abundance and activity of natural enemies and consequently improve the control of pest populations (Jonsson et al. 2008; Landis et al. 2000; Naranjo and Ellsworth 2009) . For example, wildflower strips (i.e. wildflowers planted along the field margin) or companion plants (i.e. noncrop plants inserted within the field and alternating with the crop plants) can be added as alternative food sources (Lee and Heimpel 2005; Pfiffner et al. 2009; Ponti et al. 2007) . Like other intercrops and ground covers, they also represent shelter habitats that offer protection to the natural enemies during pesticide applications, harvest, overwintering or in case of unfavourable weather (Griffiths et al. 2008; Landis et al. 2000; Pfiffner and Luka 2000) .
Wildflower strips and companion plants have already been used in the field to enhance predators and parasitoids, but the results are mixed. Some studies show that the provision of floral resources increases parasitism rates (Ellis et al. 2005; Lavandero et al. 2005; Ponti et al. 2007 ), while others show no effect (Berndt et al. 2002) , negative effects (Bone et al. 2009) or effects that vary depending on the year (Lee and Heimpel 2005) or the field location (Pfiffner et al. 2009 ). This inconsistent pattern of effects of wildflower strips and companion plants stresses the importance of studying in detail the decision making and preferences of predators and parasitoids for food sources. In particular, conducting flower screening to identify suitable flowering plants that will effectively (1) attract natural enemies into the field and closer to the pest, and (2) offer the natural enemies accessible nectar as food resource to increase their lifespan and/or the fecundity (Wäckers 2004 ) is important to improve the effects of wildflowers on parasitoid performance.
In the case of parasitoids, flower screening has so far focused on the identification of wildflower species that enhance the survival and/or the fecundity of the studied species (Baggen and Gurr 1998; Géneau et al. 2012; Lavandero et al. 2006; Nafziger and Fadamiro 2011; Winkler et al. 2006; Witting-Bissinger et al. 2008) . But before being able to feed on flowers, foraging parasitoids have to locate them by using for example olfactory (Desouhant et al. 2005; Leius 1960; Patt et al. 1999; Siekmann et al. 2004; Takasu and Lewis 1996) and/or visual cues (Begum et al. 2004; Kugimiya et al. 2010) . Food sources that are highly attractive are thus more likely to be visited than food sources that are poorly detectable (Wäckers 2004 ). Bianchi and Wäckers (2008) used a spatially explicit simulation model to explore how the attractiveness and the nectar availability of flowering field margins affect parasitoid and ultimately pest populations. This model predicts that the attractiveness of flowers is an important aspect of parasitoid population dynamics that should be taken into account when selecting flowering plants used for habitat management. Despite its predicted importance for effective conservation biological control of pest species, the attractiveness of flowering plants to parasitoids remains poorly studied (Kugimiya et al. 2010; Leius 1960; Wäckers 2004) .
The aim of this study was to investigate the olfactory attractiveness of five different flowering plants to females of the parasitoid Microplitis mediator (Haliday) (Hymenoptera: Braconidae). Microplitis mediator is an important parasitoid of Mamestra brassicae (Linnaeus) (Lepidoptera: Noctuidae) (Lauro et al. 2005) , a major cabbage pest in Europe (Finch and Thompson 1992) . It is also a generalist parasitoid that has been reported on about 40 different Noctuidae hosts (Mir Khan 1999) and has already been used for biological control (Li et al. 2006) . Mass releases of M. mediator led to successful control of cotton bollworm Helicorverpa armigera (Hübner) (Lepidoptera: Noctuidae) populations in Northwestern China (Li et al. 2006) . Furthermore the longevity and fecundity of M. mediator are greatly enhanced by the provision of suitable sugar (Luo et al. 2010) or nectar food sources (Géneau et al. 2012 ), but flower attractiveness to this parasitoid has not been investigated so far. To test the olfactory attractiveness of the flowering plants, we used choice experiments in a Y-tube olfactometer. We first tested whether the different wildflowers were attractive to female M. mediator by comparing the flower odours to two control odour sources (air and a piece of stem of the same plant), and then tested the flowers against each other in paired choice experiments to assess olfactory preferences of M. mediator among these flowers.
Materials and methods

Plants and parasitoids
We tested the attractiveness of bishop's weed, Ammi majus L. (Apiaceae); cornflower, Centaurea cyanus L. (Asteraceae); buckwheat, Fagopyrum esculentum Moench (Polygonaceae); candytuft, Iberis amara L. (Brassicaceae); and oregano, Origanum vulgare L. (Lamiaceae). These flowering plants have properties that make them promising candidates for habitat management, e.g. beneficial effects on insects' longevity and/or fecundity (Géneau et al. 2012; Lavandero et al. 2006; Lee and Heimpel 2008; Nafziger and Fadamiro 2011; Winkler et al. 2006; Witting-Bissinger et al. 2008) , attractiveness to some parasitoid species (other than M. mediator) (Wäckers 2004) , the production of easily accessible extrafloral nectar (Koptur 2005; Winkler et al. 2009 ), or subsidiary uses like medicinal use (Ammon et al. 2006; Fabre et al. 2000) that could be of interest for farmers.
Flowering plants were grown from seeds in GroBanks (CLF Plant Climatics, Germany) at 21 ± 2°C, 40 ± 10 % r.h. and 12L:12D photoperiod. Seeds were planted in trays in soil (Einheitserde Classic, Gebrüder Patzer GmbH & Co.KG, Germany) fertilized with 3 g l -1 of Tardit 3 M (Hauert HBG Dünger AG, Switzerland) and transplanted into pots (12 cm diameter, 10 cm height) after three to four weeks with the same amount of fertilizer. Plants were checked on a daily basis and watered as needed until they bloomed.
Microplitis mediator pupae came from a laboratory population initiated by individuals collected on M. brassicae in Brussels sprout fields near Wageningen (the Netherlands) and reared at Wageningen University. The parasitoid rearing was then established in a climate chamber at 23 ± 1°C, 60 ± 10 % r.h. and 16L:8D photoperiod. Parasitoids were reared on M. brassicae larvae fed on white cabbage Brassica oleracea L. var. capitata L. (Brassicaceae). Adults of M. mediator hatched in the room where the experiments took place, at 16L:8D photoperiod. All the females used for the experiments were food deprived (i.e. provided with only water from emergence to the behavioural test), naive (i.e. no contact with the tested odour sources previous to the experiments) and between 24 and 72 h old. Females were used only once and discarded after the behavioural test.
Experimental setups
Y-tube olfactometer
The attractiveness of the different flowers was assessed over three experiments where the olfactory preference of the parasitoid was tested in olfactory choice tests thanks to a Y-tube olfactometer (Fig. 1) . The Y-tubes had an internal diameter of 1 cm, and the two arms of the Y-tube were connected through a connector to a bent tube, which in turn was connected to a container containing an odour source (Fig. 1a) . As odour sources, one flower (for C. cyanus) or one inflorescence (for A. majus, F. esculentum, I. amara and O. vulgare) was cut and the stem was wrapped in a wet piece of cotton to prevent wilting. The flowers were used within one hour and a half after cutting. The inflorescences of A. majus were sometimes too big for the container, so 5-8 flowers of the same inflorescence were cut and put together like a small bouquet in the container. To ensure the right functioning of the setup, we used honey (Waldhonig, Migros, Switzerland) as a positive control odour source, as preliminary experiments had shown that it was attractive to female M. mediator. To prepare the honey odour source, one to two drops of honey were spread on a piece of filter paper (Whatman, GE Healthcare, United Kingdom) previously humidified with water so that the honey covered approximately 2 cm 2 . A white cardboard shield was placed between the Y-tube and the odour source containers to prevent the insects from having any visual information about the odour sources and thus avoid potential confounding effects due to visual attractiveness of the flowers. A metal mesh at the end of each arm prevented the insects from entering the containers and contacting the odour sources.
For behavioural scoring, the Y-tube was divided by thin lines into different zones which represented the proximity to the odour (Fig. 1b) . The zone between the opening of the central tube and the junction lines (8.5 cm before the end of each arm) was referred to as the ''base'' of the Y-tube. Each arm was divided into the ''proximal zone'' between the junction line and the finish line (3 cm before the end of the arm), and the ''distal zone'' between the finish line and the metal mesh at the end of the arm.
Experiments took place in a dark room to avoid directional light, and a light bulb (375 lux) was placed centrally approximately 50 cm above the setup. Air was pushed through the olfactometer by a vacuum pump, filtered on glass cotton and activated charcoal to limit impurities in ambient air, humidified in a gas washing bottle containing demineralised water, and led into each arm of the Y-tube at 0.433 l min -1 , so that the airflow at the release point of the insects was Potential implications for biological control 165 0.866 l min -1 . Flow meters (Teflonrotameter 150 mm, Analyt-MTC, Germany) were used to control the airflow.
The Y-tubes, connectors and bent tubes were made of glass, and all the other tubes used to connect parts of the setup or transfer the insects in the Y-tube were made of Teflon (PTFE) to allow the cleaning with solvents. The cleaning was done by rinsing the parts with hexane (Roth AG, Switzerland), acetone (Roth AG, Switzerland) and dichloromethane (Roth AG, Switzerland) (once each, in this order). Y-tubes were cleaned at the end of each day (i.e. after one to five replicates). On a given day, one Y-tube was used per odour source, and odour sources were always connected to the same arm of the Y-tube to prevent odours from mixing with each other. Every container was connected to the same bent tube and connector during the entire duration of an experiment and all these parts were cleaned after each experiment.
Behavioural tests
To start a measurement, one female parasitoid was transferred from the cage to the Y-tube in a 2.5 cm Teflon tube closed on one end by a metal mesh. The tube was fixed to the base of the Y-tube, and the test began when the female crossed the start line (9.5 cm before the bifurcation). The time the female spent in each zone was recorded in real time during 5 min using JWatcher V1.0 (Blumstein and Daniel 2007) .
The small fraction of females that did not cross the start line within five minutes were considered as nonresponders and removed from the experiment.
In experiment 1, we tested the absolute attractiveness of the flowers and of honey to female M. mediator, i.e. whether the odour sources were attractive. An odour source was considered attractive when the parasitoids exhibited a preference for it. We considered two measurements of female preference. The first choice on one hand was defined as the arm in which females crossed the junction line for the first time, to test whether a preference could be detected as soon as the females entered an arm or whether the females needed some exploration before displaying a preference. The residence time on the other hand was obtained by the time females spent in the distal zones of the two arms. Females were considered to have a lasting preference for an odour source when they spent significantly more time in the distal zone of its arm than in the distal zone of the other arm. The flowers tested in experiment 1 were A. majus, C. cyanus, F. esculentum, I. amara, and O. vulgare. The odour sources were compared to a piece of filter paper humidified with tap water as a negative control. The filter paper was used to add humidity in the arm to balance the extra humidity produced by the flower. In a control experiment, the humid filter paper did not significantly affect the preferences of the female parasitoids in the olfactometer compared to air (Wilcoxon signed-rank test, n = 50, V = 691.5, Fig. 1 Experimental setup. Top view of a the setup and b the Y-tube. Two odour sources are placed in the odour source containers. A parasitoid is released in the Y-tube at the release point and has to make a choice between the two odours at the junction line. ap air pump, as air splitter, bt bent tube, gb gas washing bottle, co connector, fl finish line, fm flow meter, jl junction line, mm metal mesh, oc odour source container, os odour source, rp release point sl start line, vs visual shield, Y-t Y-tube p = 0.099) and, hence, was considered a neutral control.
In experiment 2, we tested whether the results obtained in experiment 1 reflected a specific response to the volatiles from the flowers and were not just due to volatiles emitted by the cut stem. The experiment was set up exactly like experiment 1, except that a flower or inflorescence was compared to a piece of stem of the same flowering plant. The piece of stem was taken directly under the flower or inflorescence used as an odour source and was approximately the same length as the stem left under the flower or inflorescence, so that the flower or inflorescence was the only difference between the two arms. For time and practical reasons, we left aside A. majus and O. vulgare, which are difficult to rear, limiting their usefulness for application in the field, and focused on C. cyanus, F. esculentum, and I. amara.
In experiment 3, we tested the relative attractiveness of the different odour sources to females M. mediator using paired-choice tests in order to assess which floral scent was most attractive. A flower was considered more attractive than another when the parasitoids exhibited a preference for it, and the first choice and residence time were measured like in the previous experiments. The setup was like in experiment 2, except that odour sources were compared against each other in pairs.
All the odour sources (experiments 1 and 2) or pairs of odour sources (experiment 3) were tested in a randomized order for each replicate, and one individual female was used for each odour source or pair of odour sources. Odour sources were renewed for each replicate and their positions (i.e., left or right in the Y-tube) alternated between replicates to randomize possible side-effects on the preferences of M. mediator. One to five replicates were performed on a given experimental day.
Statistics
Statistical analyses were conducted using R 2.13.2 (R Development Core Team 2011). We treated as nonresponders the females that never entered any distal zone for the analysis of the residence time, and those that never entered any proximal zone for the analysis of the first choice, and removed them from the analysis. For the residence time, the total time spent in the distal zone varied between females, so we defined a preference index by calculating the ratio of the total time spent in the distal zone of one arm over the total time spent in the distal zones of both arms. The data were not normally distributed, even after transformation, so we performed a Wilcoxon signedrank test to test whether there was a significant preference for one arm or the other (i.e. whether the preference index was significantly different from 0.5). For experiments 1 and 2, we used a generalized linear model with quasibinomial data distribution to test for significant differences among all the odour sources. We performed two Pearson's v 2 tests for the analysis of the first choice, first to test whether the numbers of females that first chose one arm or the other were significantly different, and then, for experiments 1 and 2, to test whether there was a significant difference in the first choice among the odour sources.
Results
In experiment 1 where we tested the absolute attractiveness of flowers compared to air as a neutral control, the parasitoids spent significantly more time in the arm connected to the odour source over air for all the tested odour sources (flowers and honey) (Fig. 2a) . There was no significant difference in the residence time between the odour sources (v 2 = 10.092, df = 5, p = 0.073). Except when offered C. cyanus and O. vulgare, significantly more parasitoids showed a first choice towards the odour over air (Fig. 2b) , and there was no significant difference in the first choice among the odour sources (v 2 = 2.807, df = 5, p = 0.730). In experiment 2, where we tested the attractiveness of flowers in comparison with the stem, the parasitoids spent significantly more time in the distal zone of the arm connected to the flowers over the stem for the three flowers tested (Fig. 3a) . Like in experiment 1, there was no significant difference in the residence time between the flowers (v 2 = 3.083, df = 2, p = 0.214). Except when offered F. esculentum, significantly more parasitoids showed a first choice for the flower over the stem (Fig. 3b) , and there was no significant difference in the first choice among the three flowers (v 2 = 4.656, df = 2, p = 0.098). In experiment 3 where we tested the relative attractiveness of C. cyanus, I. amara and F. esculentum in paired-choice tests, distinct differences in olfactory attractiveness emerged between flowers.
Parasitoids significantly preferred C. cyanus and I. amara over F. esculentum, whereas they showed no significant preference between C. cyanus and I. amara (Fig. 4a) . This pattern was mirrored in terms of the first choice (Fig. 4b) .
Discussion
The aim of this study was to investigate the olfactory attractiveness of five different flowering plants to female M. mediator to assess their suitability for conservation biological control in cabbage fields. The flower species we tested were all highly attractive when compared to air, both in terms of first choices and residence time, implying strong innate preferences by naive female M. mediator. This result is in line with a previous study which showed that naive females of the parasitoids Pimpla turionellae (Linnaeus) (Hymenoptera: Ichneumonidae), Heterospilus prosopidis (Viereck) (Hymenoptera: Braconidae) and Cotesia glomerata (Linnaeus) (Hymenoptera: Braconidae) exhibited innate preferences for flower odours tested against air (Wäckers 2004 ). In our case, the attraction was maintained when C. cyanus, F. esculentum and I. amara flowers or inflorescences were compared to a piece of stem of the same plant, which demonstrates that female M. mediator were really attracted by the flower odours and not by volatiles emitted by other parts of the plant such as the stem. Kugimiya et al. (2010) showed a similar specific response to odours of mustard flowers Brassica rapa L. (Brassicaceae) in the parasitoid Cotesia vestalis (Haliday) (Hymenoptera: Braconidae). The results of experiment 3 showed that although all the flowers were similarly attractive when compared to air, some of them were more attractive Fig. 2 a A Mean (±SE) ratio of the total time spent in the distal zone of the odour arm over the total time spent in the distal zones of both arms (odour and air). A ratio of 0.5 indicates no preference, whereas a ratio significantly superior or inferior to 0.5 indicates a preference for the odour or the air (i.e. a repellence of the odour), respectively. Asterisks indicate a significant deviation from 0.5 (Wilcoxon signed rank test, *p \ 0.05, **p \ 0.01, ***p\0.001). b Number of females that first chose the odour arm (dark grey) or the air arm (light grey). Asterisks indicate significant differences (v 2 test, *p\0.05, **p\0.01). Ama Ammi majus, Ccy Centaurea cyanus, Fes Fagopyrum esculentum; Hon Honey, Iam Iberis amara, Ovu Origanum vulgare than others when tested by pairs. Centaurea cyanus and I. amara were equally attractive when tested in paired choice, and they were both more attractive than F. esculentum which was the least attractive flower. This highlights the fact that absolute attractiveness is certainly important to identify flowers that are neither neutral nor repulsive to the parasitoids. But how attractive a flower is in the end and, hence, how easily it may be located by a foraging parasitoid, also depends on other available flowers.
The low attractiveness of F. esculentum compared to the two other plants can be explained by different mechanisms that remain to be elucidated in further experiments. The results of experiments 1 and 2 show that F. esculentum inflorescences produce attractive volatile molecules. A first hypothesis is that the molecules produced by F. esculentum are qualitatively less attractive or detectable to M. mediator than those produced by C. cyanus and I. amara. Second, the molecules produced by the three plants may be qualitatively equally attractive or detectable, but flowers of F. esculentum may produce them in lower quantities. Evidence supporting the importance of volatile quantity on parasitoid attraction was provided in a study about Cotesia marginiventris (Cresson) (Hymenoptera: Braconidae) (Turlings et al. 2004) . Females of this parasitoid in fact respond in a doserelated manner to host induced green leaf volatiles and are more attracted in a six-arms olfactometer to the arm connected to the highest number of plants (Turlings et al. 2004 ) If females M. mediator exhibited the same kind of dose-related response to find their food, they would then be more attracted by the flower emitting the highest amounts of chemical attractants when given the choice between two flowers producing equally attractive volatiles. In the current setup, we could not distinguish if F. esculentum inflorescences were less attractive than the flowers of C. cyanus and the inflorescences of I. amara because they emitted volatiles that were qualitatively less attractive or because they emitted quantitatively less volatiles.
Further tests are needed to collect, identify and quantify the volatiles emitted by the different flowering plants and to test whether female M. mediator respond in a dose related manner. It has to be noted that cutting the flowers could also have an influence, if one flower species were more stressed by the cutting than others. Although we cannot completely exclude this hypothesis, it seems unlikely since we used the flowers shortly after cutting, as has previously been done in another study investigating flower attractiveness to parasitoids (Wäckers 2004) . The analysis of flower volatiles has also often been done on cut flowers or inflorescences (Borg-Karlson et al. 1993; Raguso et al. 2006; Verdonk et al. 2005) , or even on separate flower parts (Flamini et al. 2003) , and it has been shown in Lysimachia species that cutting did not influence floral scent emission immediately after cutting (Schäffler et al. 2012 ).
Our results have implications for biological control, as we have shown that five different flowering plants that could be or are already used in wildflower strips or as companion plants are also attractive to M. mediator when offered as the sole wildflower (i.e. none of them is neutral or repulsive). However, some of them seem to be better suited than others. The attractiveness of the flowering plants did not correlate fully with parasitoids' performance on these flowers, a finding that is also in line with previous results on other parasitoid species (Wäckers 2004) . In a parallel study, Géneau et al. (2012) found that C. cyanus and F. esculentum greatly enhanced the longevity and fecundity of M. mediator compared to water, whereas I. amara had no detectable beneficial effect. Our expectation for adaptive olfactory attractiveness of plants that enhance parasitoid fitness was confirmed for C. cyanus. However, we did not expect I. amara to be attractive, let alone more attractive than F. esculentum. The lack of correlation between attractiveness and benefit to the parasitoids for these two flowering plants is hard to explain at first sight. It could result from the fact that in the field parasitoids are likely to encounter a broad range of different flowers, depending on the place where they emerge, so it would not be advantageous to develop a specific attraction to one or a few floral scents (Wäckers 2004) . Conversely, to maximize the chances of finding flowers (and thus food) in an unknown environment, they may respond to floral volatile compounds that many different flowering plants have in common, even at the risk that some of these plants do not provide suitable nectar. Parasitoids should then refine their ability to recognize suitable flowers through learning, an ability that was shown in females of the related species Microplitis croceipes (Cresson) (Hymenoptera: Braconidae), which are able to associate odours with the presence of food and became more and more accurate in their choice with increasing number of odour experiences (Takasu and Lewis 1996) . It is likely that M. mediator have evolved similar mechanisms of associative learning.
Flower attractiveness could of course be affected by other factors like visual cues (Begum et al. 2004; Kugimiya et al. 2010) . But given the innate preferences of female M. mediator for the different flower odours shown in our study, it seems that this parasitoid evolved mechanisms to respond to distinct plant volatiles and use these olfactory cues to locate available food sources efficiently. Based on that, our results provide a panel of interesting flowers attractive to M. mediator that could be tested for their attractiveness and beneficial effects in the field. Centaurea cyanus appears to be the most promising one, because of its high absolute and relative attractiveness to the parasitoid and beneficial effect on its longevity and fecundity (Géneau et al. 2012) . Although I. amara was as attractive as C. cyanus, it would clearly be less efficient in enhancing M. mediator in the field because it is not a suitable food source (Géneau et al. 2012) . Fagopyrum esculentum in contrast is a very good food source for M. mediator, and numerous laboratory studies (Araj et al. 2011; Géneau et al. 2012; Lavandero et al. 2006; Nafziger and Fadamiro 2011; Winkler et al. 2006; Witting-Bissinger et al. 2008 ) and field studies (Hogg et al. 2011; Lavandero et al. 2005; Heimpel 2005, 2008; Platt et al. 1999; Scarratt et al. 2008 ) have demonstrated its value for enhancing natural enemies. However it is less attractive than both C. cyanus and I. amara, so it seems less efficient at attracting M. mediator in an environment where it is not the only flower available-which would be the case in a wildflower strip composed of multiple flowers or in/around cabbage fields where other weeds are growing. Additionally, C. cyanus is the only plant among those we tested that produces easily accessible extrafloral nectar (Winkler et al. 2009) , which is generally a much longer-lived potential resource for beneficial insects than floral nectar (Koptur 2005) . There are therefore good reasons to think that C. cyanus has the best potential among the different flowers tested in this study to promote M. mediator in the field. This highlights the importance of taking flower attractiveness into account in the choice of suitable wildflowers for conservation biological control.
